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(57) ABSTRACT 

Techniques are provided for evaluating heart failure within 
a patient based on Ventricular impedance measurements. 
Briefly, values representative of Ventricular end-diastolic 
volume (EDV) are detected using ventricular electrodes and 
then heart failure, if occurring within the patient, is evalu 
ated based on ventricular EDV. In this manner, ventricular 
EDV is used as a proxy for Ventricular end-diastolic pres 
sure. By using ventricular EDV instead of ventricular end 
diastolic preSSure, heart failure is detected and evaluated 
without requiring Sophisticated Sensors or complex algo 
rithms. Instead, ventricular EDV is easily and reliably mea 
Sured using impedance Signals Sensed by implanted ven 
tricular pacing/sensing electrodes. The Severity of heart 
failure is also evaluated based on ventricular EDV values 
and heart failure progression is tracked based on changes, if 
any, in ventricular EDV values over time. 
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SYSTEMAND METHOD FOR EVALUATING 
HEART FAILURE BASED ON VENTRICULAR 

END-DIASTOLIC VOLUME USING AN 
IMPLANTABLE MEDICAL DEVICE 

FIELD OF THE INVENTION 

0001. The invention generally relates to implantable 
medical devices, Such as pacemakers or implantable cardio 
verter/defibrillators (ICDs), and in particular to techniques 
for evaluating the progression of heart failure within a 
patient in which a medical device is implanted. 

BACKGROUND 

0002 Heart failure is a debilitating disease in which 
abnormal function of the heart leads in the direction of 
inadequate blood flow to fulfill the needs of the tissues and 
organs of the body. Typically, the heart loses propulsive 
power because the cardiac muscle loses capacity to Stretch 
and contract. Often, the Ventricles do not adequately eject or 
fill with blood between heartbeats and the valves regulating 
blood flow become leaky, allowing regurgitation or back 
flow of blood. The impairment of arterial circulation 
deprives vital organs of oxygen and nutrients. Fatigue, 
weakneSS and the inability to carry out daily tasks may 
result. Not all heart failure patients suffer debilitating symp 
toms immediately. Some may live actively for years. Yet, 
with few exceptions, the disease is relentlessly progressive. 
As heart failure progresses, it tends to become increasingly 
difficult to manage. Even the compensatory responses it 
triggers in the body may themselves eventually complicate 
the clinical prognosis. For example, when the heart attempts 
to compensate for reduced cardiac output, it adds muscle 
causing the Ventricles to grow in Volume in an attempt to 
pump more blood with each heartbeat. This places a still 
higher demand on the heart's oxygen Supply. If the oxygen 
Supply falls short of the growing demand, as it often does, 
further injury to the heart may result. The additional muscle 
mass may also Stiffen the heart walls to hamper rather than 
assist in providing cardiac output. Aparticularly Severe form 
of heart failure is congestive heart failure (CHF) wherein the 
weak pumping of the heart leads to build-up of fluids in the 
lungs and other organs and tissues. 
0003) Heart failure has been classified by the New York 
Heart Association (NYHA) into four classes of progres 
Sively worsening Symptoms and diminished exercise capac 
ity. Class I corresponds to no limitation wherein ordinary 
physical activity does not cause undue fatigue, shortneSS of 
breath, or palpitation. Class II corresponds to slight limita 
tion of physical activity wherein Such patients are comfort 
able at rest, but wherein ordinary physical activity results in 
fatigue, shortneSS of breath, palpitations or angina. Class III 
corresponds to a marked limitation of physical activity 
wherein, although patients are comfortable at rest, even leSS 
than ordinary activity will lead to symptoms. Class IV 
corresponds to inability to carry on any physical activity 
without discomfort, wherein Symptoms of heart failure are 
present even at rest and where increased discomfort is 
experienced with any physical activity. 

0004. The current standard treatment for heart failure is 
typically centered on medical treatment using angiotensin 
converting enzyme (ACE) inhibitors, diuretics, beta-block 
ade, and digitalis. Cardiac resynchronization therapy (CRT) 
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may also be employed, if a bi-ventricular pacing device is 
implanted. Briefly, CRT seeks to normalize asynchronous 
cardiac electrical activation and resultant asynchronous con 
tractions associated with CHF by delivering synchronized 
pacing Stimulus to both Ventricles. The Stimulus is Synchro 
nized So as to improve overall cardiac function. This may 
have the additional beneficial effect of reducing the Suscep 
tibility to life-threatening tachyarrhythmias. CRT and 
related therapies are discussed in, for example, U.S. Pat. No. 
6,643,546 to Mathis et al., entitled “Multi-Electrode Appa 
ratus And Method For Treatment Of Congestive Heart 
Failure”; U.S. Pat. No. 6,628,988 to Kramer et al., entitled 
“ Apparatus And Method For Reversal Of Myocardial 
Remodeling With Electrical Stimulation'; and U.S. Pat. No. 
6,512,952 to Stahmann et al., entitled “Method And Appa 
ratus For Maintaining Synchronized Pacing”, which are 
incorporated by reference herein. 

0005. In view of the potential severity of heart failure, it 
is highly desirable to detect its onset within a patient and to 
track its progression or regression So that appropriate 
therapy can be provided. Many patients Suffering heart 
failure already have pacemakers or ICDS implanted therein 
or are candidates for Such devices. Accordingly, it is desir 
able to provide Such devices with the capability to automati 
cally detect and track heart failure and, heretofore, a number 
of attempts have been made to provide for monitoring of 
physiological parameters associated with heart failure using 
implantable cardiac devices in conjunction with physiologi 
cal Sensors. 

0006 For example, U.S. Pat. No. 6,572,557, to Tchou et 
al., entitled “System and Method for Monitoring Progression 
of Cardiac Disease State Using Physiologic Sensors”, 
describes a technique for monitoring physiological param 
eters associated with the progression, Stabilization, or 
regression of Symptoms of heart disease Such as CHF. The 
monitoring is implemented by ongoing Surrogate measure 
ment of Standard and direct measurements, Such as daily 
activity and respiratory and cardiac rate response, utilizing 
existing implantable, rate-responsive Stimulation devices 
that incorporate activity, respiration, and/or other Sensors. 
The System includes a Sensor that measures activity and/or 
minute ventilation when triggered by changes in the Sensed 
intrinsic heart rate and/or changes in a Sensor-indicated 
pacing rate. 

0007 U.S. Pat. No. 6,645,153, to Kroll et al., entitled 
“System And Method For Evaluating Risk Of Mortality Due 
To Congestive Heart Failure Using Physiologic Sensors”, 
describes a technique for determining a CHF mortality risk 
metric based on a combination of estimated ventilatory 
response values and the slope of heart rate reserve as a 
function of predicted heart rates. Ventilatory response is 
estimated based on detected values of actual heart rate, 
arterial oxygen Saturation, right ventricular oxygen, Stroke 
Volume, tidal Volume, and respiration rate. Heart rate reserve 
values are derived from the actual heart rate along with 
patient age and rest heart rate. The predicted heart rates, 
which represent the heart rates the patient would achieve if 
healthy, are derived from activity sensor signals. The CHF 
mortality risk metric is then calculated as a ratio of venti 
latory response and the slope of the heart rate reserve. 

0008 U.S. Pat. No. 6,438,408 to Mulligan et al., entitled 
“Implantable Medical Device For Monitoring Congestive 
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Heart Failure', sets forth a technique for evaluating CHF 
that measures a group of parameters indicative of the State 
heart failure by employing electrocardiogram (EGM) Sig 
nals, blood pressure (including absolute pressure, developed 
pressure, and change in pressure with time), and heart 
chamber volumes, specifically end systolic volumes (ESV). 
Based upon these signals, the technique operates to generate 
Sets of parameters including (1) a relaxation or contraction 
time constant; (2) a mechanical restitution value; (3) a 
recirculation fraction value; and (4) an end Systolic elastance 
value, indicative of the ratio of end Systolic blood pressure 
to end Systolic Volume. Then, based upon a combination of 
these parameters, the System Seeks to track changes in a 
heart failure with time. 

0009. A significant problem with many of the aforemen 
tioned techniques is their complexity. In many cases, mul 
tiple Sensors are required for detecting multiple signals, 
which are then combined using fairly complex algorithms in 
an attempt to evaluate and track heart failure. It would be 
desirable to instead provide an effective but much more 
Straightforward technique for evaluating heart failure, which 
does not require Special Sensors or complex algorithms. In 
addition, at least insofar as the techniques of Mulligan et al. 
are concerned, which operate to detect ESV (among many 
other parameters), it is believed that ESV and parameters 
derived therefrom are not as reliable an indicator of heart 
failure as would be preferred. In contrast, it has been 
recognized that left ventricular end-diastolic preSSure, alone 
or in combination with other parameters, is a more effective 
parameter for use in tracking heart failure. However, there 
are technical challenges to the reliable detection of left 
Ventricular end-diastolic pressure and So techniques exploit 
ing left Ventricular end-diastolic pressure have, heretofore, 
not been effectively implemented. 
0010. Accordingly, it would be desirable to provide an 
alternative technique for evaluating and tracking heart fail 
ure, which instead uses a proxy for left Ventricular end 
diastolic pressure, So that end-diastolic pressure itself need 
not be detected. In particular, it is desirable that a proxy for 
left ventricular end-diastolic pressure be provided that can 
be detected without additional or complicated Sensors and 
that can instead exploit conventional pacing electrodes 
implanted with the heart. It is to this end that aspects of 
invention are directed. 

SUMMARY 

0011. In accordance with one illustrative embodiment, 
techniques are provided for evaluating heart failure within a 
patient using an implantable medical device. Briefly, values 
representative of ventricular end-diastolic volume (EDV) 
are detected and then heart failure, if occurring within the 
patient, is detected based on the values representative of 
ventricular EDV. Hence, with this technique, ventricular 
EDV is generally used as a proxy or Surrogate for Ventricular 
end-diastolic pressure. By using ventricular EDV instead of 
Ventricular end-diastolic pressure, heart failure can be 
detected and evaluated without requiring Sophisticated Sen 
SorS or complex algorithms. In particular, Ventricular EDV 
can be easily and reliably measured using impedance signals 
Sensed by implanted Ventricular pacing/sensing electrodes. 
The severity of heart failure can also be evaluated based on 
Ventricular EDV values and heart failure progression can be 
tracked based on changes, if any, in Ventricular EDV values 
over time. 
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0012 Herein, the term ventricular EDV generally refers 
to any Suitable measure of Ventricular filling occurring 
between beats when the ventricles are at their fullest and 
may be detected, e.g., based upon measurements of right 
ventricular EDV values, left ventricular EDV values or 
combined right and left ventricular EDV values The value 
for EDV, which represents the sum of the active and passive 
filling Volumes, may be measured during the pre-ejection 
interval Subsequent to a Ventricular depolarization, or during 
delivery of a ventricular pacing pulse (i.e. a V-pulse.) 
Moreover, the gradient (i.e. time rate of change) in Ventricu 
lar volume is generally minimal and So a comparison in 
ventricular EDV from one cardiac cycle to another can be 
reliably performed to quantify Small changes in Ventricular 
EDV over time. Furthermore, unlike ESV and parameters 
derived therefrom, changes in EDV are more Strongly cor 
related with changes in heart failure. The measurement of 
ventricular volume need not be obtained only at the very end 
of the diastolic phase of the cardiac cycle. Rather, a value of 
Ventricular Volume representative of the passive filling phase 
may be detected, for example, during an interval just prior 
to an atrial contraction. The active filling contribution of the 
atrium may thus be ascertained by taking the difference 
between the EDV and the volume measured prior to the 
atrial contraction. 

0013 In one example, wherein the implantable medical 
device is coupled to at least two electrodes implanted within 
the ventricles, ventricular EDV is detected by: identifying a 
baseline point within a cardiac cycle for detecting a value 
representative of Ventricular EDV; detecting a Signal repre 
Sentative of the impedance between the two ventricular 
electrodes at the baseline point in time, and then determining 
a baseline Ventricular EDV based on the impedance Signal 
detected at the point in time. Ventricular EDV values are 
detected at the baseline point for all cardiac cycles within at 
least one complete respiration cycle. The values are then 
processed for comparison against various Stored ventricular 
EDV threshold values representative of the onset and sever 
ity of heart failure and for comparison against previously 
detected ventricular EDV values of the patient for use in 
tracking the progression of heart failure over time. The 
processing Step may include averaging. By using electrodes 
implanted within the ventricles, the ventricular EDV is 
thereby determined based upon impedance values derived 
from an electrical field generally confined to the Ventricles 
and hence Substantially unaffected by other factors, Such as 
fluid levels with the lungs. Moreover, by measuring the 
ventricular EDV only at baseline points within cardiac cycle 
and by averaging over at least one complete respiration 
cycle, variations in impedance caused by cardiac contraction 
or respiration are Substantially eliminated So that Small 
changes in ventricular EDV over time can be detected and 
tracked. 

0014. In one specific example, the baseline point within 
the cardiac cycle for detecting the baseline ventricular EDV 
is selected within a window 10-50 msecs following ven 
tricular depolarization, i.e. within the pre-ejection interval. A 
detection pulse, which may have a relatively low magnitude, 
is applied to the Ventricles at the baseline point and the 
Ventricular impedance is derived from the detection pulse. 
The Ventricular impedance value is then converted to a 
Ventricular volume value. In another Specific example, the 
baseline point is selected within a window 10-50 msecs prior 
to a next expected atrial depolarization. Again, a detection 
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pulse, which may have a relatively low magnitude, is 
applied to the Ventricles at the baseline point and the 
Ventricular impedance is derived from the detection pulse. 
This is a measurement at the end of the passive filling phase. 
In Still yet another example, Ventricular impedance is 
derived from Ventricular pacing pulses (V-pulses) So that no 
Separate detection pulse is required, thus Saving power 
within the device. 

0.015. Once heart failure is detected, appropriate heart 
failure therapy is preferably provided by the implanted 
device, which may include CRT or drug therapy (if an 
implantable drug pump is provided with medication appro 
priate for heart failure.) If a significant change in heart 
failure is detected, appropriate warning Signals are prefer 
ably delivered to the patient, either via an implanted warning 
device (if so equipped) or via an external bedside monitor. 
In this manner, the patient is immediately alerted to any 
potentially life-threatening progression in heart failure So 
that immediate medical attention can be Sought. Diagnostic 
information representative of the Severity and progression of 
heart failure is also stored for Subsequent review by the 
physician. Suitable diagnostic information may also be 
displayed via the bedside monitor, if So configured, to aid in 
patient training, i.e. to inform the patient as to whether 
exercise regimes and the like are being effective or whether 
appropriate drug intervention, i.e. diuresis, is effective. 
0016. Thus, various techniques are provided for use with 
implantable medical device for detecting heart failure and 
for tracking its progression or regression. Other aspects, 
features and advantage of the invention will be apparent 
form the descriptions that follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.017. The above and further features, advantages and 
benefits of the present invention will be apparent upon 
consideration of the present description taken in conjunction 
with the accompanying drawings, in which: 
0.018 FIG. 1 illustrates pertinent components of an 
implantable heart failure-responsive medical System having 
a pacemaker or ICD capable of detecting heart failure and 
tracking its progression based on Ventricular EDV and 
capable of delivering therapy or warning Signals in response 
thereto; 
0.019 FIG. 2 is a flow diagram providing an overview of 
the method for evaluating heart failure as performed by the 
system of FIG. 1; 
0020 FIG. 3 is a stylized diagram of a cardiac cycle 
illustrating changes in left Ventricular pressure and Volume 
and particularly illustrating left ventricular EDV and left 
ventricular ESV; 
0021 FIG. 4 is a simplified, partly cutaway view, illus 
trating the pacer/ICD of FIG. 1 along with at full set of leads 
implanted into the heart of the patient; 
0022 FIG. 5 is a functional block diagram of the pacer/ 
ICD of FIG. 4, illustrating basic circuit elements that 
provide cardioversion, defibrillation and/or pacing Stimula 
tion in the heart and particularly illustrating components for 
detecting heart failure and tracking its progression and for 
controlling delivery of therapy or warning Signals in 
response thereto; 
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0023 FIG. 6 is a functional block diagram of selected 
components of the microcontroller of the pacemaker or ICD 
of FIG. 5, particularly illustrating internal components of a 
ventricular EDV detection unit, a ventricular EDV-based 
heart failure evaluation unit and a heart failure therapy 
controller; 
0024 FIG. 7 is a flow diagram illustrating an exemplary 
method performed by the implanted system of FIGS. 4-6 for 
evaluating heart failure based on ventricular EDV, which 
employs a low Voltage impedance measuring pulse delivered 
to the Ventricles during a pre-ejection interval; 
0025 FIG. 8 is a stylized diagram of the EKG of a 
cardiac cycle illustrating a pre-ejection interval detection 
widow for delivering the impedance measuring pulse of 
FIG. 7; 
0026 FIG. 9 is a flow diagram illustrating an exemplary 
method performed by the implanted system of FIGS. 4-6 for 
delivering therapy and warning Signals in response to heart 
failure; 
0027 FIG. 10 is a flow diagram illustrating an exemplary 
method performed by the implanted system of FIGS. 4-6 for 
evaluating heart failure based on Ventricular passive filling 
measurement, which employs a low Voltage impedance 
measuring pulse delivered to the Ventricles just prior to a 
next expected P-wave/A-pulse, 

0028 FIG. 11 is a stylized diagram of the EKG of a 
cardiac cycle illustrating detection widow for delivering the 
impedance measuring pulse of FIG. 10; 
0029 FIG. 12 is a flow diagram illustrating an exemplary 
method performed by the implanted system of FIGS. 4-6 for 
evaluating heart failure based on ventricular EDV, which 
utilizes a V-pulse for measuring Ventricular impedance; and 
0030 FIG. 13 is a stylized diagram of the EKG of a 
cardiac cycle illustrating V-pulses. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0031. The following description includes the best mode 
presently contemplated for practicing the invention. This 
description is not to be taken in a limiting Sense but is made 
merely to describe general principles of the invention. The 
Scope of the invention should be ascertained with reference 
to the issued claims. In the description of the invention that 
follows, like numerals or reference designators will be used 
to refer to like parts or elements throughout. 
0032. Overview of Implantable Heart Failure-Respon 
sive System 
0033 FIG. 1 illustrates an implantable heart failure 
responsive medical System 8 capable of detecting heart 
failure, evaluating its Severity, tracking its progression and 
delivering appropriate warnings and therapy. Heart failure 
responsive system 8 includes a pacer/ICD 10 or other 
cardiac Stimulation device that incorporates internal com 
ponents for controlling heart failure evaluation functions 
(shown individually in FIGS. 5-7). More specifically, pacer/ 
ICD 10 receives signals from at least two ventricular cardiac 
pacing leads 12 implanted within the heart of the patient 
(shown stylistically in phantom lines) from which imped 
ance Signals are derived. In FIG. 1, only Ventricular pacing 
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leads are shown. A full set of pacing leads is shown in FIG. 
4. Based on the Sensed impedance, the pacer/ICD deter 
mines ventricular EDV and then detects heart failure based 
on Ventricular EDV So that appropriate therapy and warn 
ings can be provided. The pacer/ICD also evaluates the 
Severity of heart failure to, for example, identify the par 
ticular NYHA class of heart failure. The pacer/ICD also 
tracks the progression of heart failure based on any changes 
over time occurring in the ventricular EDV. Detailed 
descriptions of these techniques are Set forth below. 
0034). If heart failure is detected, then appropriate therapy 
is automatically delivered by pacer/ICD. For example, CRT 
therapy may be applied using the leads implanted in the 
Ventricles So as to improve cardiac function. Control param 
eters for CRT therapy are automatically adjusted based on 
the severity of the heart failure. Additionally, or in the 
alternative, the implantable heart failure-responsive System 
may be equipped with a drug pump 14 capable of the 
delivering drug therapy in an attempt to address heart 
failure. Discussions of possible medications for use in heart 
failure patients are provided below. Drug dosages provided 
by an implantable drug pump may be titrated based on the 
severity of heart failure. 
0.035 Warning signals are generated using either an inter 
nal warning device 14 or an external bedside heart failure 
monitor 16 to notify the patient of the onset of heart failure 
or to advise of any Significant progression thereof. Internal 
warning device 14 may be a vibrating device or a "tickle” 
Voltage device that, in either case, provides perceptible 
Stimulation to the patient to alert the patient of any signifi 
cant progression of heart failure So that the patient may 
consult a physician. The bedside monitor may provide 
audible or visual alarm Signals to alert the patient as well as 
textual or graphic displayS. In addition, once heart failure 
has been detected, diagnostic information is Stored within 
the pacer/ICD for Subsequent transmission to an external 
programmer (not shown in FIG. 1) review by a physician or 
other medial professional. The physician may then prescribe 
any other appropriate therapies to address the heart failure. 
The physician may also adjust the operation of the pacer/ 
ICD to activate, deactivate or otherwise control any thera 
pies that are automatically applied. In addition, the bedside 
monitor may be directly networked with a centralized com 
puting System for immediately notifying the physician of a 
Significant increase in heart failure Severity. 
0.036 Hence, FIG. 1 provides an overview of an implant 
able System for detecting heart failure, evaluating its Sever 
ity, tracking its progression and delivering appropriate 
therapy. Embodiments may be implemented that do not 
necessarily perform all of these functions. Rather, embodi 
ments may be implemented that provide, for example, only 
for tracking the progression of heart failure within patients 
already known to have heart failure and for delivering 
therapy. In addition, Systems provided in accordance with 
the invention need not include all the components shown in 
FIG.1. In many cases, for example, the system will include 
only the pacer/ICD and its leads with heart failure therapy 
provided in the form of CRT. Drug pumps and warning 
devices are not necessarily implanted. Other implementa 
tions may employ an external monitor for generating warn 
ing Signals but include no internal warning device. These are 
just a few exemplary embodiments. No attempt is made 
herein to describe all possible combinations of components 
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that may be provided in accordance with the general prin 
ciples of the invention. Also, note that, internal Signal 
transmission lines provided for interconnecting the various 
implanted components are not shown in FIG. 1. Wireless 
Signal transmission may alternatively be employed. In addi 
tion, the particular locations of the implanted components 
shown in FIG. 1 are merely illustrative and may not 
necessarily correspond to actual implant locations. 

0037. Overview of Heart Failure Evaluation Technique 

0038 FIG. 2 Summarizes heart failure the evaluation 
techniques of the invention that may be performed by the 
system of FIG. 1. Initially, at step 100, the implantable 
pacer/ICD detects signals representative of ventricular EDV 
within the patient and, at step 102, detects heart failure, if 
present, based on the Signals. At Step, 104, the pacer/ICD 
evaluates the severity of heart failure based on ventricular 
EDV values and, at step 106, tracks the progression of heart 
failure based on changes, if any, in Ventricular EDV values 
over time. At Step 108, appropriate therapy and warning 
Signals are delivered and diagnostic data is recorded. AS 
already explained, various types of therapy may be deliv 
ered, alone or in combination, depending upon the capabili 
ties of the implanted System. For most patients, the Severity 
of heart failure does not change Significantly over short 
periods of time and So, once a determination has been made 
as to the current Severity of heart failure, this determination 
need not the repeated, at least in the Short-term. Accordingly, 
from many patients, once the Severity of heart failure as been 
evaluated, it is Sufficient to reevaluate the Severity of heart 
failure only infrequently (e.g. every few weeks or months) 
to determine a change in Status of the patient. 

0039 Thus, with this technique, ventricular EDV is 
employed as a proxy for Ventricular end diastolic pressure, 
which is more typically correlated with heart failure. With 
heart failure, Ventricular end diastolic pressure is generally 
lowered due to a loSS in the pumping ability of the Ventricles, 
which results in a decrease in Stroke Volume and cardiac 
output. Hence, low Ventricular end diastolic pressure within 
a patient is indicative of heart failure and any decrease in 
Ventricular end diastolic pressure over time is indicative of 
the progression of heart failure. Likewise, during heart 
failure, the amount of blood filling the ventricles between 
the pumping cycles is also diminished. Hence, the maximum 
Volume achieved within the Ventricles during a cardiac cycle 
(i.e. the ventricular EDV) is also representative of heart 
failure. It is for this reason that ventricular EDV can be used 
to detect heart failure and to track the progression of heart 
failure. 

0040. Depending upon the particular implementation, 
either left ventricular EDV, right ventricular EDV or overall 
ventricular EDV is employed. As noted above, the term 
ventricular EDV, as it is used herein, refers to any suitable 
measure of the EDV associated with the ventricles, includ 
ing right ventricular EDV, left ventricular EDV or combined 
right and left ventricular EDV. Moreover, ventricular EDV 
need not be measured at the very end of the diastolic phase 
of the cardiac cycle. Rather, a value representative of 
Ventricular EDV may be detected, for example, during a 
pre-ejection period Subsequent to a Ventricular depolariza 
tion (i.e. Ventricular volume after active filling), during an 
interval just prior to an atrial contraction (i.e. ventricular 
Volume after active filling), or during delivery of a ventricu 
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lar pacing pulse (V-pulse.) In each case, the Ventricles are 
Substantially full and So a measure of the Ventricular volume 
during these intervals can be taken to be representative of 
ventricular EDV. Typically, left ventricular EDV is about 
150 milliliters (ml) and right ventricular EDV is about 165 
ml for a healthy, adult heart. Hence, the total ventricular 
EDV is about 315 ml. If heart failure is occurring, ventricu 
lar EDV is typically higher. Note also that the difference 
between the Ventricular Volumes after active and passive 
filling Serves as a good indicator of atrial function. 

0041. In examples set forth below, combined ventricular 
EDV is detected based on impedance Signals Sensed 
between electrodes implanted in the left and right ventricles. 
Left ventricular EDV could instead be detected by employ 
ing a pair of electrodes implanted within the left Ventricles. 
Likewise, right ventricular EDV could instead be detected 
by employing pair of electrodes implanted within the right 
Ventricles. By using electrodes implanted within the ven 
tricles, ventricular EDV is determined based upon imped 
ance values derived from an electrical field generally con 
fined to the ventricles and hence substantially unaffected by 
other factors, Such as fluid levels with the lungs. Generally, 
any suitable measure of ventricular EDV can be employed 
to detect heart failure and track its progression So long as the 
technique is consistent, e.g. right Ventricular EDV values are 
not compared against left ventricular EDV values, left 
Ventricular EDV values are not compared against combined 
ventricular EDV values, etc. 

0.042 Briefly, using the technique of the invention, heart 
failure can be detected based upon ventricular EDV by 
comparing a current value of Ventricular EDV (averaged 
over multiple cardiac cycles) against a threshold value 
representative of the onset of heart failure. The severity of 
heart failure can be evaluated by comparing the current 
ventricular EDV against a table of various threshold values 
representative of various levels of Severity of heart failure, 
Such as those set forth in the NYHA classification Scheme. 
Finally, the progression of heart failure can be tracked by 
detecting changes, if any, in the average Ventricular EDV 
values over time. Care is taken to detect ventricular EDV at 
consistent baseline points within multiple cardiac cycles to 
provide baseline values Suitable for comparison purposes. 

0.043 Referring now to FIG. 3, left ventricular pressure, 
left ventricular EDV, left ventricular ESV and other features 
of a cardiac cycle will be Summarized. More specifically, 
FIG. 3 is a graph providing Stylized representations of aortic 
pressure 108, left ventricular pressure 110 and left atrial 
pressure 112. Left ventricular volume 114 is also shown, 
with left ventricular EDV and left ventricular ESV Specifi 
cally identified. Additionally, an ECG 116 is shown, which 
includes Stylized representations of a P-wave, R-wave (or 
QRS complex) and a T-wave. These features are shown over 
a single cardiac cycle, which is Subdivided into Seven 
Separate phases, labeled 1-7. 

0044) The left ventricular EDV is substantially at its 
maximum (indicating that the left ventricle is Substantially 
full) during an interval extending from just prior to an atrial 
contraction (i.e. near the end of phase 7) through a pre 
ejection interval (phase 2) to the end of the diastolic phase 
(i.e. the very end of phase 2), with only relatively minimal 
variations in Volume during this entire interval of time. 
Accordingly, any measure of Ventricular volume during this 
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interval of time is generally representative of the maximum 
Volume achieved by the Ventricles and hence is generally 
representative of ESV. Moreover, during these intervals, the 
Ventricular volume remains Substantially constant, i.e. there 
is little or no change or gradient in Volume. Accordingly, this 
represents an ideal interval of time for detecting ventricular 
Volume values that can be reliably compared from one 
cardiac cycle to another. In other words, by detecting 
ventricular volume during intervals wherein there is little or 
no gradient in the Volume, changes in heart rate and cardiac 
rhythm morphology will not substantially affect the detected 
values-particularly when averaged over multiple respira 
tion cycles-thus permitting reliable comparison of aver 
aged values of over time. Thus, in one illustrative embodi 
ment, the timing of the Ventricular volume measurement can 
be based on an IEGM Signal, Such as an following an atrial 
event or a Ventricular event. Also, the System may take a 
plurality of measurements during each cycle, for example 
after detecting a Suitable IEGM Signal, and taking the 
maximum value as the best representation of the EDV. 
0045. As will be explained in more detail below, specific 
detection windows are defined just prior to atrial contraction 
and during the pre-ejection interval for use in detecting 
baseline values of Ventricular volume. Low magnitude 
impedance detection pulses are delivered at the baseline 
points for use in evaluating ventricular impedance, from 
which ventricular EDV is derived. Alternatively, ventricular 
Volume can instead be detected during the delivery of a 
V-pulse. (Although no V-pulse is specifically shown in FIG. 
3, the V-pulse would be delivered near the end of phase 1, 
i.e. shortly before a next expected intrinsic ventricular 
depolarization.) By detecting ventricular volume using a 
V-pulse, Separate impedance detection pulses need not be 
generated, thus Saving device power. 
0046 Although FIG. 3 only specifically illustrates left 
Ventricular volume, right ventricular Volume and combined 
left and right ventricular volume exhibit similar variations 
over the cardiac cycle and So the comments provided above 
with respect to left ventricular Volume are equally applicable 
to the right ventricular volume and to the combined left and 
right Ventricular Volume. 
0047 Thus, FIG. 3 provides an overview of the heart 
failure evaluation techniques of the invention. In the fol 
lowing Section, an exemplary pacer/ICD will be described, 
which includes Specific components for performing the heart 
failure evaluation technique of FIG. 3. 

0.048 Pacer/ICD 
0049. With reference to FIGS. 4 and 5, a detailed 
description of the pacer/ICD of FIG. 1 will now be pro 
vided. FIG. 4 provides a simplified block diagram of the 
pacer/ICD, which is a dual-chamber stimulation device 
capable of treating both fast and slow arrhythmias with 
Stimulation therapy, including cardioversion, defibrillation, 
and pacing Stimulation, as well as capable of detecting heart 
failure, evaluating its Severity, tracking the progression 
thereof, and controlling the delivery of therapy and warnings 
in response thereto. 
0050. To provide atrial chamber pacing stimulation and 
Sensing, pacer/ICD 10 is shown in electrical communication 
with a heart 212 by way of a left atrial lead 220 having an 
atrial tip electrode 222 and an atrial ring electrode 223 
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implanted in the atrial appendage. Pacer/ICD 10 is also in 
electrical communication with the heart by way of a right 
ventricular lead 230 having, in this embodiment, a ventricu 
lar tip electrode 232, a right Ventricular ring electrode 234, 
a right ventricular (RV) coil electrode 236, and a Superior 
vena cava (SVC) coil electrode 238. Typically, the right 
ventricular lead 230 is transvenously inserted into the heart 
so as to place the RV coil electrode 236 in the right 
ventricular apex, and the SVC coil electrode 238 in the 
Superior Vena cava. Accordingly, the right Ventricular lead is 
capable of receiving cardiac Signals, and delivering Stimu 
lation in the form of pacing and shock therapy to the right 
Ventricle. 

0051) To sense left atrial and ventricular cardiac signals 
and to provide left chamber pacing therapy, pacer/ICD 10 is 
coupled to a “coronary Sinus' lead 224 designed for place 
ment in the “coronary Sinus region' Via the coronary sinus 
OS for positioning a distal electrode adjacent to the left 
ventricle and/or additional electrode(s) adjacent to the left 
atrium. AS used herein, the phrase “coronary Sinus region' 
refers to the vasculature of the left ventricle, including any 
portion of the coronary Sinus, great cardiac vein, left mar 
ginal vein, left posterior Ventricular vein, middle cardiac 
vein, and/or Small cardiac vein or any other cardiac vein 
accessible by the coronary Sinus. Accordingly, an exemplary 
coronary sinus lead 224 is designed to receive atrial and 
Ventricular cardiac Signals and to deliver left ventricular 
pacing therapy using at least a left ventricular tip electrode 
226, left atrial pacing therapy using at least a left atrial ring 
electrode 227, and Shocking therapy using at least a left 
atrial coil electrode 228. With this configuration, biventricu 
lar pacing can be performed. Although only three leads are 
shown in FIG. 4, it should also be understood that additional 
Stimulation leads (with one or more pacing, Sensing and/or 
Shocking electrodes) may be used in order to efficiently and 
effectively provide pacing Stimulation to the left Side of the 
heart or atrial cardioversion and/or defibrillation. 

0.052 Asimplified block diagram of internal components 
of pacer/ICD 10 is shown in FIG. 5. While a particular 
pacer/ICD is shown, this is for illustration purposes only, 
and one of skill in the art could readily duplicate, eliminate 
or disable the appropriate circuitry in any desired combina 
tion to provide a device capable of treating the appropriate 
chamber(s) with cardioversion, defibrillation and pacing 
Stimulation as well as providing for the aforementioned 
apnea detection and therapy. 
0053) The housing 240 for pacer/ICD 10, shown sche 
matically in FIG. 5, is often referred to as the “can”, “case” 
or “case electrode' and may be programmably Selected to 
act as the return electrode for all “unipolar” modes. The 
housing 240 may further be used as a return electrode alone 
or in combination with one or more of the coil electrodes, 
228, 236 and 238, for shocking purposes. The housing 240 
further includes a connector (not shown) having a plurality 
of terminals, 242,243,244, 246,248,252,254, 256 and 258 
(shown Schematically and, for convenience, the names of the 
electrodes to which they are connected are shown next to the 
terminals). AS Such, to achieve right atrial Sensing and 
pacing, the connector includes at least a right atrial tip 
terminal (ATIP)242 adapted for connection to the atrial tip 
electrode 222 and a right atrial ring (A RING) electrode 
243 adapted for connection to right atrial ring electrode 223. 
To achieve left chamber Sensing, pacing and Shocking, the 
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connector includes at least a left ventricular tip terminal (V 
TIP)244, a left atrial ring terminal (ARING) 246, and a left 
atrial shocking terminal (ACOIL) 248, which are adapted 
for connection to the left ventricular ring electrode 226, the 
left atrial tip electrode 227, and the left atrial coil electrode 
228, respectively. To Support right chamber Sensing, pacing 
and shocking, the connector further includes a right ven 
tricular tip terminal (VTIP) 252, a right ventricular ring 
terminal (V. RING) 254, a right ventricular shocking ter 
minal (Rv COIL) 256, and an SVC shocking terminal (SVC 
COIL) 258, which are adapted for connection to the right 
Ventricular tip electrode 232, right ventricular ring electrode 
234, the RV coil electrode 236, and the SVC coil electrode 
238, respectively. 
0054. At the core of pacer/ICD 10 is a programmable 
microcontroller 260, which controls the various modes of 
Stimulation therapy. AS is well known in the art, the micro 
controller 260 (also referred to herein as a control unit) 
typically includes a microprocessor, or equivalent control 
circuitry, designed specifically for controlling the delivery of 
stimulation therapy and may further include RAM or ROM 
memory, logic and timing circuitry, State machine circuitry, 
and I/O circuitry. Typically, the microcontroller 260 includes 
the ability to process or monitor input signals (data) as 
controlled by a program code Stored in a designated block of 
memory. The details of the design and operation of the 
microcontroller 260 are not critical to the invention. Rather, 
any suitable microcontroller 260 may be used that carries 
out the functions described herein. The use of microproces 
Sor-based control circuits for performing timing and data 
analysis functions are well known in the art. 
0055 As shown in FIG. 5, an atrial pulse generator 270 
and a Ventricular/impedance pulse generator 272 generate 
pacing Stimulation pulses for delivery by the right atrial lead 
220, the right ventricular lead 230, and/or the coronary sinus 
lead 224 via an electrode configuration Switch 274. It is 
understood that in order to provide Stimulation therapy in 
each of the four chambers of the heart, the atrial and 
ventricular pulse generators, 270 and 272, may include 
dedicated, independent pulse generators, multiplexed pulse 
generators or shared pulse generators. The pulse generators, 
270 and 272, are controlled by the microcontroller 260 via 
appropriate control signals, 276 and 278, respectively, to 
trigger or inhibit the Stimulation pulses. Pulse generator 272 
is also used to deliver low magnitude Ventricular impedance 
detection pulses for use in detecting ventricular EDV for 
heat failure evaluation purposes. Preferably the impedance 
detection pulses are generated by connecting pulse generator 
272 to V tip terminal 244 and V tip 252 terminal for 
delivering the pulses between V tip electrode 226 and V. 
tip electrode 232 (FIG. 4.) 
0056. The microcontroller 260 further includes timing 
control circuitry (not separately shown) used to control the 
timing of Such stimulation pulses (e.g., pacing rate, atrio 
ventricular (AV) delay, atrial interconduction (A-A) delay, 
or ventricular interconduction (V-V) delay, etc.) as well as to 
keep track of the timing of refractory periods, blanking 
intervals, noise detection windows, evoked response win 
dows, alert intervals, marker channel timing, etc., which is 
well known in the art. Switch 274 includes a plurality of 
Switches for connecting the desired electrodes to the appro 
priate I/O circuits, thereby providing complete electrode 
programmability. Accordingly, the Switch 274, in response 
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to a control signal 280 from the microcontroller 260, deter 
mines the polarity of the Stimulation pulses (e.g., unipolar, 
bipolar, combipolar, etc.) by Selectively closing the appro 
priate combination of Switches (not shown) as is known in 
the art. Moreover, as the explained in greater detail below, 
the microcontroller transmits signals to controlling the 
Switch to connect a different Set of electrodes during a 
far-field overdrive pacing than during near-field overdrive 
pacing. 

0057 Atrial sensing circuits 282 and ventricular sensing 
circuits 284 may also be selectively coupled to the right 
atrial lead 220, coronary sinus lead 224, and the right 
ventricular lead 230, through the Switch 274 for detecting 
the presence of cardiac activity in each of the four chambers 
of the heart. Accordingly, the atrial (ATR. SENSE) and 
ventricular (VTR. SENSE) sensing circuits, 282 and 284, 
may include dedicated Sense amplifiers, multiplexed ampli 
fiers or shared amplifiers. The Switch 274 determines the 
“Sensing polarity of the cardiac signal by Selectively clos 
ing the appropriate Switches, as is also known in the art. In 
this way, the clinician may program the Sensing polarity 
independent of the Stimulation polarity. Each Sensing circuit, 
282 and 284, preferably employs one or more low power, 
precision amplifiers with programmable gain and/or auto 
matic gain control, bandpass filtering, and a threshold detec 
tion circuit, as known in the art, to Selectively Sense the 
cardiac Signal of interest. The automatic gain control enables 
pacer/ICD 10 to deal effectively with the difficult problem of 
sensing the low amplitude signal characteristics of atrial or 
ventricular fibrillation. The outputs of the atrial and ven 
tricular Sensing circuits, 282 and 284, are connected to the 
microcontroller 260 which, in turn, are able to trigger or 
inhibit the atrial and ventricular pulse generators, 270 and 
272, respectively, in a demand fashion in response to the 
absence or presence of cardiac activity in the appropriate 
chambers of the heart. Ventricular sense circuit 282 is also 
used to Sense the low magnitude impedance detection pulses 
for use in evaluating ventricular EDV for heat failure 
evaluation purposes. 
0.058 For arrhythmia detection, pacer/ICD 10 utilizes the 
atrial and Ventricular Sensing circuits, 282 and 284, to Sense 
cardiac Signals to determine whether a rhythm is physiologic 
or pathologic. AS used herein “Sensing” is reserved for the 
noting of an electrical Signal, and “detection' is the pro 
cessing of these Sensed signals and noting the presence of an 
arrhythmia. The timing intervals between Sensed events 
(e.g., P-waves, R-waves, and depolarization signals associ 
ated with fibrillation which are sometimes referred to as 
“F-waves” or “Fib-waves”) are then classified by the micro 
controller 260 by comparing them to a predefined rate Zone 
limit (i.e., bradycardia, normal, atrial tachycardia, atrial 
fibrillation, low rate VT, high rate VT, and fibrillation rate 
Zones) and various other characteristics (e.g., Sudden onset, 
Stability, physiologic Sensors, and morphology, etc.) in order 
to determine the type of remedial therapy that is needed 
(e.g., bradycardia pacing, antitachycardia pacing, cardiover 
sion shocks or defibrillation shocks). 
0059 Cardiac signals are also applied to the inputs of an 
analog-to-digital (A/D) data acquisition system 290. The 
data acquisition System 290 is configured to acquire intra 
cardiac electrogram Signals, convert the raw analog data into 
a digital Signal, and Store the digital signals for later pro 
cessing and/or telemetric transmission to an external device 
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302. The data acquisition system 290 is coupled to the right 
atrial lead 220, the coronary Sinus lead 224, and the right 
ventricular lead 230 through the Switch 274 to sample 
cardiac Signals acroSS any pair of desired electrodes. The 
microcontroller 260 is further coupled to a memory 294 by 
a suitable data/address bus 296, wherein the programmable 
operating parameters used by the microcontroller 260 are 
Stored and modified, as required, in order to customize the 
operation of pacer/ICD 10 to suit the needs of a particular 
patient. Such operating parameters define, for example, 
pacing pulse amplitude or magnitude, pulse duration, elec 
trode polarity, rate, Sensitivity, automatic features, arrhyth 
mia detection criteria, and the amplitude, waveshape and 
vector of each shocking pulse to be delivered to the patient's 
heart within each respective tier of therapy. Other pacing 
parameters include base rate, rest rate and circadian base 
rate. 

0060 Advantageously, the operating parameters of the 
implantable pacer/ICD 10 may be non-invasively pro 
grammed into the memory 294 through a telemetry circuit 
300 in telemetric communication with the external device 
302, Such as a programmer, transtelephonic transceiver or a 
diagnostic system analyzer. The telemetry circuit 300 is 
activated by the microcontroller by a control signal 306. The 
telemetry circuit 300 advantageously allows intracardiac 
electrograms and Status information relating to the operation 
of pacer/ICD 10 (as contained in the microcontroller 260 or 
memory 294) to be sent to the external device 302 through 
an established communication link 304. Pacer/ICD 10 fur 
ther includes an accelerometer or other physiologic Sensor 
308, commonly referred to as a “rate-responsive' sensor 
because it is typically used to adjust pacing Stimulation rate 
according to the exercise State of the patient. However, the 
physiological sensor 308 may further be used to detect 
changes in cardiac output, changes in the physiological 
condition of the heart, or diurnal changes in activity (e.g., 
detecting sleep and wake States) and to detect arousal from 
Sleep. Accordingly, the microcontroller 260 responds by 
adjusting the various pacing parameters (Such as rate, AV 
Delay, V-V Delay, etc.) at which the atrial and ventricular 
pulse generators, 270 and 272, generate Stimulation pulses. 
While shown as being included within pacer/ICD 10, it is to 
be understood that the physiologic sensor 308 may also be 
external to pacer/ICD 10, yet still be implanted within or 
carried by the patient. A common type of rate responsive 
Sensor is an activity Sensor incorporating an accelerometer 
or a piezoelectric crystal, which is mounted within the 
housing 240 of pacer/ICD 10. Other types of physiologic 
Sensors are also known, for example, Sensors that Sense the 
oxygen content of blood, respiration rate and/or minute 
ventilation, pH of blood, Ventricular gradient, etc. However, 
any Sensor may be used which is capable of Sensing a 
physiological parameter that corresponds to the exercise 
State of the patient an, in particular, is capable of detecting 
arousal from Sleep or other movement. 
0061 The pacer/ICD additionally includes a battery 310, 
which provides operating power to all of the circuits shown 
in FIG. 5. The battery 310 may vary depending on the 
capabilities of pacer/ICD10. If the system only provides low 
Voltage therapy, a lithium iodine or lithium copper fluoride 
cell may be utilized. For pacer/ICD 10, which employs 
shocking therapy, the battery 310 must be capable of oper 
ating at low current drains for long periods, and then be 
capable of providing high-current pulses (for capacitor 
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charging) when the patient requires a shock pulse. The 
battery 310 must also have a predictable discharge charac 
teristic So that elective replacement time can be detected. 
Accordingly, pacer/ICD 10 is preferably capable of high 
Voltage therapy and appropriate batteries. 

0062). As further shown in FIG. 5, pacer/ICD 10 is shown 
as having an impedance measuring circuit 312 which is 
enabled by the microcontroller 260 via a control signal 314. 
Herein, impedance is primarily detected for use in evaluat 
ing ventricular EDV but is also used to track respiration 
cycles. Other uses for an impedance measuring circuit 
include, but are not limited to, lead impedance Surveillance 
during the acute and chronic phases for proper lead posi 
tioning or dislodgement; detecting operable electrodes and 
automatically Switching to an operable pair if dislodgement 
occurs, measuring respiration or minute ventilation; mea 
Suring thoracic impedance for determining Shock thresholds, 
detecting when the device has been implanted; measuring 
Stroke Volume, and detecting the opening of heart Valves, 
etc. The impedance measuring circuit 120 is advantageously 
coupled to the Switch 74 so that any desired electrode may 
be used. 

0063. In the case where pacer/ICD 10 is intended to 
operate as an implantable cardioverter/defibrillator (ICD) 
device, it detects the occurrence of an arrhythmia, and 
automatically applies an appropriate electrical shock therapy 
to the heart aimed at terminating the detected arrhythmia. To 
this end, the microcontroller 260 further controls a shocking 
circuit 316 by way of a control signal 318. The shocking 
circuit 316 generates shocking pulses of low (up to 0.5 
joules), moderate (0.5-10 joules) or high energy (11 to 40 
joules), as controlled by the microcontroller 260. Such 
Shocking pulses are applied to the heart of the patient 
through at least two shocking electrodes, and as shown in 
this embodiment, selected from the left atrial coil electrode 
228, the RV coil electrode 236, and/or the SVC coil elec 
trode 238. The housing 240 may act as an active electrode 
in combination with the RV electrode 236, or as part of a 
split electrical vector using the SVC coil electrode 238 or the 
left atrial coil electrode 228 (i.e., using the RV electrode as 
a common electrode). Cardioversion shocks are generally 
considered to be of low to moderate energy level (So as to 
minimize pain felt by the patient), and/or Synchronized with 
an R-wave and/or pertaining to the treatment of tachycardia. 
Defibrillation Shocks are generally of moderate to high 
energy level (i.e., corresponding to thresholds in the range of 
5-40 joules), delivered asynchronously (since R-waves may 
be too disorganized), and pertaining exclusively to the 
treatment of fibrillation. Accordingly, the microcontroller 
260 is capable of controlling the Synchronous or asynchro 
nous delivery of the Shocking pulses. 

0.064 Microcontroller 260 also includes various compo 
nents directed to the controlling the detection and treatment 
of heart failure. More specifically, the microcontroller 
includes a ventricular EDV detection unit 301, a ventricular 
EDV-based heart failure evaluation unit 303 and a heart 
failure therapy controller 305, which will be described in 
detail with reference to FIG. 6. Depending upon the imple 
mentation, the various components of the microcontroller 
may be implemented as Separate Software modules. The 
modules may be combined to permit a single module to 
perform multiple functions. In addition, although shown as 
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being Sub-components of the microcontroller, Some or all of 
these components may be implemented Separately from the 
microcontroller. 

0065 Exemplary Heart Failure Evaluation and Tracking 
Components 
0066 Pertinent functional components of an exemplary 
ventricular EDV detection unit 301, ventricular EDV-based 
heart failure evaluation unit 303, and heart failure therapy 
controller 305 are shown in FIG. 6. Briefly, the ventricular 
EDV detection unit includes a detection controller 352 that 
coordinates the detection and tracking of the Ventricular 
EDV. To this end, the detection controller activates a base 
line point selection unit 354 that identifies a consistent point 
within each cardiac cycle for detecting the ventricular EDV 
to eliminate any modulation caused by the heartbeating. The 
baseline point is preferably during an interval just prior to an 
atrial contraction or during the pre-ejection interval or is 
instead contemporaneous with delivery of a V-pulse. The 
controller also activates a respiration cycle tracking unit 356 
that tracks respiration (typically via changes in thoracic 
impedance) to permit ventricular EDV values to be detected 
and averaged over at least one complete respiration cycle to 
eliminate any modulation caused by respiration. In any case, 
once a baseline point has been identified (and various 
techniques for identifying appropriate baseline points are Set 
forth below), a ventricular impedance sensing unit 358 is 
activated, which Senses the impedance between at least two 
Ventricular electrodes using either an impedance detection 
pulse or a V-pulse. Once the Ventricular impedance is 
Sensed, a Ventricular impedance to Ventricular EDV conver 
sion unit 360 converts to the impedance value to a volume 
value in a manner set forth below. The ventricular EDV 
detection controller processes of the ventricular EDV values 
detected over one or more respiration cycles to generate an 
averaged value for comparison purposes. 
0067 Depending upon the implementation, the ventricu 
lar EDV values may be averaged over individual respiration 
cycles or may be averaged over an entire day or week, as 
Specified by device programming, So as to generate a Suit 
able averaged value for use in tracking Small changes in 
ventricular EDV over time. The use of consistent baseline 
values helps eliminate changes in Ventricular EDV caused 
by changes in heart rate or cardiac rhythm morphology. 
Additionally, ventricular EDV values may be detected only 
when the heart rate of the patient is within certain prede 
termined range to further reduce variations caused by heart 
rate. In addition, preferably, the device is configured to 
detect and average ventricular EDV values only during 
periods of time when R-R intervals are substantially uniform 
and when no arrhythmias are occurring So that cardiac 
rhythm abnormalities caused by an arrhythmia do not 
adversely affect the evaluation of the ventricular EDV. 
Alternatively, ventricular EDV may be detected only, for 
example, while the patient is sleeping. AS can be appreci 
ated, a wide variety of techniques may be employed for 
isolating particular circumstances for detecting and averag 
ing ventricular EDV values for use in evaluating heart 
failure. Routine experimentation may be employed to iden 
tify particular circumstances that are most effective for use 
in detecting and averaging Ventricular EDV values So that 
heart failure may be reliably tracked thereby. 
0068. In any case, once a suitable measure of the ven 
tricular EDV has been obtained by the EDV detection unit, 
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ventricular EDV-based heart failure evaluation unit 303 uses 
the ventricular EDV to detect and evaluate heart failure, if 
present, within the patient. To this end, the evaluation unit 
includes an evaluation controller 362 that selectively con 
trols a heart failure detection unit 364, a heart failure 
Severity evaluation unit 366 and a heart failure progression 
tracking unit 368. In one example, the heart failure detection 
unit compares the Ventricular EDV of the patient against a 
volume-based threshold value indicative of the onset of 
heart failure and, if the ventricular EDV for the patient rises 
above the threshold, heart failure is thereby detected, 
therapy is initiated, alarm or warning Signals are generated, 
and appropriate diagnostic information is recorded. Prefer 
ably, the detection of heart failure requires that the average 
ventricular EDV consistently exceed the threshold over an 
extended period time, Such as a week, So that an indication 
of heart failure is not improperly generated due to transient 
events occurring within the patient. Note that if Ventricular 
EDV is represented in terms of an impedance value rather 
than a Volume value, then the impedance value must fall 
below an impedance-based threshold value before heart 
failure is detected. This is because a Smaller impedance 
value is representative of a larger ventricular EDV. 

0069. The threshold value for detecting heart failure may 
be a programmed value Specified by the physician based, in 
part, on an evaluation of the physical characteristics of the 
patient, Such as age, size, weight, gender and the like. Thus, 
in a hypothetical example, if the patient is in adult, male, of 
fairly average size, a value of 335 ml may be found to be the 
appropriate Volume-based threshold value. Hence, if the 
ventricular EDV for the patient rises above that value, heart 
failure is thereby detected. Actual threshold values for 
various categories of patients may be derived from other 
wise routine experimental studies of ventricular EDV for 
populations of patients of differing Sizes, ages, genders, and 
the like for use in programming the implantable device. 
Alternatively, assuming the patient does not have heart 
failure at the time of implant, the physician may determine 
the ventricular EDV for the patient, then set the volume 
based threshold value Somewhere above that value. As 
another alternative, detection of heart failure is made based 
on Some combination of ventricular EDV values and other 
detected parameters of the patient. For example, if a Sensor 
is provided for evaluating Stroke Volume, a detection of heart 
failure is only made if high ventricular EDV values are 
corroborated by detection of relatively low stroke volume. 

0070 Assuming that heart failure is detected, then heart 
failure evaluation controller 362 activates severity evalua 
tion unit 366 to determine the severity of heart failure and 
also activateS progression tracking unit 368 to track changes 
in heart failure, if any, over time. The severity of heart 
failure may be evaluated by comparing the ventricular EDV 
for the patient against a Set of Separate threshold values 
representative of different levels of severity of heart failure. 
Again, Such threshold values may be set by the physician 
based on an evaluation of the physical characteristics of the 
patient in combination with clinical data obtained for vari 
ous categories of patients via otherwise routine experimental 
Studies. Alternatively, assuming the patient does not have 
heart failure at the time of implant, the physician may 
determine the initial ventricular EDV for the patient, then set 
the volume-based severity threshold values based on that 
initial value. AS can be appreciated, a wide variety of 
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techniques may be used for Setting the various threshold 
values for use with the invention. 

0071 Heart failure progression tracking unit 368 stores 
the current value for the ventricular EDV for the patient for 
comparison against additional values detected and recorded 
in the future to permit tracking of the progression of heart 
failure. For example, ventricular EDV values may be cal 
culated and Stored once every month So that any changes in 
heart failure from month-to-month can be detected and 
appropriate diagnostic data Stored. In particular, if a signifi 
cant increase in heart failure occurs from one month to 
another, or perhaps from one week to another, warning 
Signals are generated advising the patient to see his or her 
physician as Soon as possible. Insofar as progression track 
ing is concerned, the device need only compare the Ven 
tricular EDV values for the patient detected at various times 
and need not compare the values against any predetermined 
threshold values. In other words, only changes in the Ven 
tricular EDV values are pertinent, the absolute magnitude of 
those values is not pertinent. Depending upon the imple 
mentation, the implanted device may be provided only with 
the heart failure progression tracking capability without 
heart failure detection or evaluation capability. This may be 
appropriate, for example, for use in patients who are already 
known to have heart failure So that heart failure detection is 
not necessary. Within Such patients, it may be Sufficient 
merely to detect any changes in heart failure with time. 
0072. In addition, depending upon the implementation, 
the device need not convert ventricular impedance values to 
ventricular EDV values. Rather, it is Sufficient to detect 
changes in Ventricular impedance values over time. Any 
Significant decrease in Ventricular impedance is indicative of 
a worsening of heart failure. Likewise, insofar as detecting 
the onset of heart failure or for evaluating its Severity, 
Ventricular impedance values may be compared directly 
against impedance-based threshold values. Routine experi 
mentation may be employed to define Suitable impedance 
based threshold values. 

0073 Finally, with respect to FIG. 6, assuming heart 
failure is detected, heart failure therapy controller 303 is 
activated to deliver appropriate therapy to address and 
hopefully mitigate the heart failure. To this end, a CRT 
controller 370 is activated to control delivery of CRT 
therapy to the heart of the patient to improve cardiac 
function. If an implanted drug pump is provided, a drug 
therapy controller 370 is activated to the deliver appropriate 
medications directly into the bloodstream of patient. These 
therapies will be discussed in detail below. Any improve 
ment in heart failure resulting from the administration of 
therapy can be tracked and appropriate diagnostic informa 
tion stored for subsequent review by the physician. The heart 
therapy controller may adjust or titrate therapy based upon 
the severity of heart failure as detected by severity evalua 
tion unit 366. Hence, if heart failure is still relatively mild, 
perhaps only CRT therapy is provided. If the heart failure 
becomes more Severe, then more aggressive CRT may be 
employed along with appropriate drug therapy. Note that the 
delivery of therapy, if effective, will likely decrease ven 
tricular EDV. Hence, care should be taken when comparing 
ventricular EDV values detected before therapy and after 
therapy. 
0074 Thus, FIG. 6 Summarizes exemplary internal func 
tional components of ventricular EDV detection unit 301, 
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ventricular EDV-based heart failure evaluation unit 303 and 
heart failure therapy controller 305. Depending upon the 
implementation, the components may be configured as Sepa 
rate software or hardware modules. The modules may be 
combined to permit Single modules to perform multiple 
functions. 

0075 Exemplary Heart Failure Evaluation Technique 
Using Impedance Detection Pulse During Pre-ejection Inter 
val 

0.076 Various examples of heart failure evaluation tech 
niques that may be performed using the Systems described 
above are Set forth in the remaining figures. Referring first 
to FIG. 7, a technique is described wherein impedance 
detection pulses are delivered during pre-ejection intervals 
for detecting ventricular EDV. Initially, at step 400, the 
ventricular EDV detection unit of the implanted device 
Senses internal electrocardiogram (IEGM) Signals and iden 
tifies R-waves and V-pulses. R-waves are detected by sens 
ing ventricular depolarization using otherwise conventional 
techniques. V-pulses, which are generated by the implanted 
device itself, need not be detected. Rather, data identifying 
the point in time for delivery of a V-pulse is merely 
forwarded from pacing control components of the micro 
controller to the ventricular EDV detection unit. In any case, 
at step 402, the ventricular EDV detection unit tracks a 
detection window for detecting ventricular EDV, which 
extends from 10 to 50 milliseconds following the peak of the 
latest R-wave or V-pulse, i.e. the detection window covers a 
portion of the pre-ejection interval between the Ventricular 
depolarization of the R-wave/V-pulse and the end of the 
diastolic phase of the cardiac cycle when the Ventricles 
begin to eject blood. An exemplary pre-ejection interval 
detection window 403 is shown within FIG. 8 along with a 
stylized IEGM signal 405. Next, at step 404, the ventricular 
EDV detection unit selects a baseline point within the 
detection window for use in Sensing a baseline Ventricular 
EDV value. The baseline point may be set anywhere within 
the detection window. Preferably, however, the location of 
the baseline point is consistent from one beat to the next. By 
Setting the baseline point consistently within the Sensing 
window, a more reliable evaluation of ventricular EDV is 
thereby obtained. In one example, the baseline point is 
Simply Set to be midway between the beginning and the end 
of the detection window, i.e. at a point 30 milliseconds 
following the peak of the R-wave or V-pulse. The location 
of the baseline point within the selection window may be a 
programmable parameter. 

0077 Next, at step 406, the ventricular EDV detection 
unit controls pulse generator 272 (FIG. 5) to deliver a low 
magnitude impedance Sensing pulse to the heart of the 
patient at the Selected baseline point. An exemplary low 
magnitude pulse is 407 is shown in FIG. 8. Preferably, the 
magnitude of the pulse is Set as low as possible while Still 
being Sufficiently Strong to allow the impedance of the 
Ventricles to be Sensed using the pulse. Pulse magnitudes 
may be in the range or, for example, 100 micro amperes 
(mA) to 1 mA. By using a low magnitude pulse, battery 
drain is reduced. Moreover, the use of a low magnitude pulse 
minimizes the risk that the pulse may inadvertently depo 
larize portions of the cardiac muscle. Although the Ventricles 
are likely to be refractive during the pre-ejection interval, the 
atria may no longer be refractive at that point and hence may 

Sep. 29, 2005 

be vulnerable to inadvertent depolarization caused by propa 
gation of the detection pulse into the atria, if its magnitude 
were set too high. 

0078. At step 408, the ventricular EDV detection unit 
Senses the detection pulse Via Ventricular Sense amplifiers 
284 (FIG. 5) and determines ventricular impedance from the 
Sensed pulse using otherwise conventional techniques. 
Impedance detection techniques are set forth in U.S. Pat. No. 
5,861,008 to Obel et al., entitled “Heart Stimulating Device 
With Stimulation Energy Responsive To Detected Noise”, 
which is incorporated by reference herein. In addition, at 
step 408, the ventricular impedance value is converted to a 
ventricular EDV value. Techniques for converting intracar 
diac impedance values to cardiac chamber Volume values 
are discussed in U.S. Pat. No. 4,674,518 to Salo, entitled 
“Method and Apparatus for Measuring Ventricular Volume”, 
which is also incorporated by reference herein. 

0079 Step 400-408 are repeated for each cardiac cycle 
during at least one complete respiration cycle, as Set forth in 
the step 410. Once ventricular impedance values have been 
Sensed throughout an entire respiration cycle then Step 412 
is performed wherein the ventricular EDV values derived 
from the impedance values are averaged together by the 
heart failure evaluation unit 303 (FIG. 5) for comparison 
against the aforementioned threshold values to detect heart 
failure and evaluate its Severity. ASSuming heart failure has 
been detected then, at Step 414, heart failure therapy con 
troller 305 (also FIG. 5) controls delivery of therapy and 
generation of appropriate warning and diagnostic signals 
based, in part, on the Severity of heart failure. Finally, at Step 
416, the current severity of heart failure of the patient is 
compared against previous values, if any, already detected 
for the patient to permit tracking of the progression of heart 
failure over time. AS already noted, appropriate warning and 
diagnostic Signals may be generated in the event there is a 
Significant or Sudden progression in the disease. The Steps of 
FIG. 7 are preferably performed periodically, usually once 
a week or once a month, to permit tracking of the progres 
Sion of heart failure. In addition, as noted, preferably, the 
Steps are performed only while the patient is at rest (e.g. 
while the patient is asleep) or otherwise has a stable heart 
rate to provide ventricular EDV values that can be most 
reliably compared over extended periods of time. 

0080 Referring now to FIG. 9, heart failure therapy, 
activated at step 414, will be summarized. At step 418, heart 
failure therapy controller 305 (FIG. 5) controls delivery of 
CRT and/or drug therapy to the patient. CRT and related 
therapies are discussed in the above-referenced patents to 
Mathis et al., Kramer et al., and Stahmann et al. The degree 
of severity of heat failure may be used to control CRT pacing 
parameterS Such as the time delay between left and right 
Ventricular pulses to, for example, provide more aggressive 
CRT for more severe heart failure. 

0081. Drug therapy is delivered using an implanted drug 
pump, if one is provided. Exemplary heart failure medica 
tions include ACE inhibitors, diuretics, digitalis and com 
pounds Such as captopril, enalapril, lisinopril and quinapril. 
Depending upon the particular medication, alternative com 
pounds may be required for use in connection with an 
implantable drug pump. Routine experimentation may be 
employed to identify medications for treatment of heart 
failure that are Safe and effective for use in connection with 
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an implantable drug pump. Dosages may be titrated based 
upon the Severity of heart failure. Implantable drug pumps 
are discussed in U.S. Pat. No. 5,328,460 to Lord et al., 
entitled “Implantable Medication Infusion Pump Including 
Self-Contained Acoustic Fault Detection Apparatus”, which 
is incorporated by reference herein. 

0082 Simultaneously, at step 420, the heart failure 
therapy controller may activate the implanted warning 
device or the bedside monitor, or both, to alert the patient to 
a significant progression in heart failure. The aforemen 
tioned patent to Lord et al. also discusses implantable 
“tickle” warning devices. As noted above, the bedside 
monitor may be directly networked with a centralized com 
puting System for immediately notifying the physician of a 
Significant increase in heart failure Severity. A System incor 
porating bedside monitoring units connected to a centralized 
external programmer system is described in U.S. Pat. No. 
6,622,045 to Snell et al., “System And Method For Remote 
Programming Of Implantable Cardiac Stimulation 
Devices.” At Step 422, appropriate diagnostic information is 
stored within the memory 294 (FIG. 5) of the device for 
Subsequent transmission to external programmer during a 
follow-up Session with the patient for review by a physician 
or for immediate transmission via the bedside monitor to the 
centralized computing System, is one is provided. 

0.083 Exemplary Heart Failure Evaluation Technique 
Using Impedance Detection Pulse Prior to Atrial Contraction 

0084. Referring now to FIG. 10, an alternative technique 
is described wherein impedance detection pulses are deliv 
ered during intervals just prior to atrial contractions for 
detecting ventricular EDV. The technique of FIG. 10 is 
similar to that of FIG. 7 and only pertinent differences will 
be described in detail. At step 500, IEGM signals are sensed 
and P-waves/A-pulses and R-waves/V-pulses are identified. 
In addition, at step 500, the interval between R-waves/V- 
pulses and Subsequent P-waves/A-pulses is tracked and the 
timing of a next expected P-wave/A-pulse is predicted. The 
timing of P-waves is detected based on the sensed interval 
between R-waves and P-waves. A-pulses, which are gener 
ated by the implanted device itself, need not be detected. 
Rather, timing data identifying the point in time for delivery 
of a next A-pulse is merely forwarded from pacing control 
components of the microcontroller to the ventricular EDV 
detection unit. In any case, at Step 502, a detection window 
is tracked, which extends 10 to 50 milliseconds before the 
next expected P-wave or A-pulse. An exemplary detection 
window 503 is shown within FIG. 11 along with a stylized 
IEGM signal 505. 

0085. At step 504, a baseline point is selected within the 
detection window for use in Sensing a baseline Ventricular 
EDV value. As before, the baseline point may be set 
anywhere within the detection window but is preferably set 
consistently from one beat to the next. In one example, the 
baseline point is Set 30 milliseconds prior to a next expected 
P-wave/A-pulse. Next, at step 506, a low magnitude imped 
ance Sensing pulse is delivered at the Selected baseline point. 
An exemplary low magnitude pulse is 507 is shown in FIG. 
11. The use of a low magnitude pulse is particularly impor 
tant during the interval prior to the atrial contraction, to 
prevent triggering of either an atrial or ventricular contrac 
tion, Since neither the atria now the Ventricles are refractory 
during that interval. 
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0086. At step 508, the detection pulse is sensed, ventricu 
lar impedance is derived therefrom, and the Ventricular 
impedance value is converted to a ventricular EDV value. 
Steps 500-508 are repeated for each cardiac cycle during at 
least one complete respiration cycle, as Specified by Step 
510. Then step 512 is performed wherein the ventricular 
EDV values are averaged for comparison against the afore 
mentioned threshold values to detect heart failure and evalu 
ate its severity. At step 514, heart failure therapy is delivered 
and appropriate Warning and diagnostic Signals are gener 
ated in accordance with the techniques described in connec 
tion with FIG. 9. Finally, at step 516, the current severity of 
heart failure of the patient is compared against previous 
values to permit tracking of the progression of heart failure 
over time. 

0087 Exemplary Heart Failure Evaluation Technique 
Using V-pulse as Impedance Detection Pulse 
0088 Referring now to FIG. 12, an alternative technique 
is described wherein V-pulses are use as impedance detec 
tion pulses for detecting ventricular EDV. The technique of 
FIG. 12 is similar to the above-described techniques and 
only pertinent differences will be described in detail. At step 
600, IEGM signals are sensed and V-pulses are delivered in 
accordance with conventional Ventricular pacing techniques. 
Exemplary V-pulses 607 are shown within FIG. 11 along 
with a stylized IEGM signal 605. The use of the V-pulse as 
the impedance detection pulse provides even further Savings 
in power, particularly if Ventricular pacing is to be per 
formed anyway. Then, at step 608, the V-pulse is sensed and 
Ventricular impedance derived therefrom and converted to a 
ventricular EDV value. Steps 600-608 are repeated for each 
cardiac cycle during at least one complete respiration cycle, 
as set forth in the step 610, then step 612 is performed 
wherein the ventricular EDV values are averaged for com 
parison against threshold values to detect heart failure and 
evaluate its Severity. At Step 614, heart failure therapy is 
delivered and appropriate warning and diagnostic Signals are 
generated. Finally, at Step 616, the current Severity of heart 
failure of the patient is compared against previous values to 
permit tracking of the progression of heart failure over time. 
0089 What have been described are various systems and 
methods for use with a pacer/ICD for evaluating heart 
failure and providing therapy and warning Signals. However, 
principles of the invention may be exploiting using other 
implantable Systems or in accordance with other techniques. 
Thus, while the invention has been described with reference 
to particular exemplary embodiments, modifications can be 
made thereto without departing from the Spirit and Scope of 
the invention. 

What is claimed is: 
1. A method for evaluating heart failure within a patient 

using an implantable medical device, the method compris 
ing: 

detecting values representative of Ventricular end-dias 
tolic volume (EDV) of the patient; and 

detecting heart failure, if present, within the patient based 
on the values representative of ventricular EDV. 

2. The method of claim 1 wherein the values representa 
tive of Ventricular EDV are detected during a pre-ejection 
interval. 
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3. The method of claim 1 wherein detecting values 
representative of Ventricular EDV comprises taking a plu 
rality of measurements for each cycle, and Selecting a 
maximum value from the plurality of measurements. 

4. The method of claim 1 wherein the values representa 
tive of ventricular EDV are detected during a ventricular 
pacing pulse. 

5. The method of claim 1 wherein detecting heart failure 
is performed by comparing the values representative of the 
ventricular EDV of the patient against a threshold ventricu 
lar EDV value indicative of heart failure. 

6. The method of claim 1 further comprising evaluating 
the Severity in heart failure, if present, within the patient 
based on the values representative of ventricular EDV. 

7. The method of claim 6 wherein evaluating the severity 
in heart failure is performed by comparing the values 
representative of the ventricular EDV of the patient against 
various threshold ventricular EDV values indicative of vari 
ous degrees of heart failure. 

8. The method of claim 1 further comprising detecting 
changes in heart failure within the patient based on changes, 
if any, over time in the values representative of Ventricular 
EDV. 

9. The method of claim 8 wherein detecting changes in 
heart failure is performed by comparing values representa 
tive of ventricular EDV detected over an extended period of 
time. 

10. The method of claim 9 wherein the extended period of 
time is at least one month. 

11. The method of claim 1 wherein detecting values 
representative of ventricular EDV comprises: 

tracking at least one respiration cycle; 
detecting values representative of ventricular EDV at like 

baseline points within a plurality of cardiac cycles 
during the respiration cycle; and 

processing the values representative of Ventricular EDV 
over at least one respiration cycle to generate an 
average ventricular EDV value. 

12. The method of claim 11 wherein processing comprises 
averaging the values. 

13. The method of claim 11 wherein processing comprises 
averaging the values over many cardiac cycles to reduce 
respiratory variation of the EDV value. 

14. The method of claim 1 wherein the implantable 
medical device is coupled to at least two electrodes for 
implant within the Ventricles and wherein detecting values 
representative of ventricular EDV comprises: 

identifying a baseline point within a cardiac cycle for 
detecting the value representative of ventricular EDV; 

detecting a Signal representative of the impedance 
between the two ventricular electrodes at the baseline 
point in time, and 

determining a baseline ventricular EDV value based on 
the impedance Signal detected at the baseline point in 
time. 

15. The method of claim 14 wherein detecting a signal 
representative of the impedance is performed by delivering 
a detection pulse to the Ventricles using the Ventricular 
electrodes at the baseline point and Sensing ventricular 
impedance based on the detection pulse using the Ventricular 
electrodes. 
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16. The method of claim 15 wherein the detection pulse 
has an amplitude selected to be sufficiently low to avoid 
triggering myocardial depolarization. 

17. The method of claim 14 wherein identifying the 
baseline point within a cardiac cycle is performed by track 
ing a pre-ejection interval and then Selecting a point within 
the pre-ejection interval. 

18. The method of claim 17 wherein tracking the pre 
ejection interval is performed by: 

identifying a Ventricular depolarization event; and 
identifying a window 10-50 milliseconds (msecs) follow 

ing the Ventricular depolarization event. 
19. The method of claim 1 wherein the implantable 

medical device is coupled to at least two electrodes for 
implant within the Ventricles and wherein detecting values 
representative of passive filling Volume comprises: 

identifying a baseline point within a cardiac cycle for 
detecting the value representative of passive filling 
Volume; 

detecting a Signal representative of the impedance 
between the two ventricular electrodes at the baseline 
point in time, and 

determining a baseline passive filling Volume value based 
on the impedance Signal detected at the baseline point 
in time. 

20. The method of claim 19 wherein identifying the 
baseline point within the cardiac cycle is performed by: 

tracking atrial depolarization to Ventricular depolarization 
intervals during cardiac cycles, 

predicting a next expected atrial depolarization based 
upon the atrial depolarization to Ventricular depolar 
ization intervals, and 

identifying a window 10-50 milliseconds (msecs) prior to 
a next expected atrial depolarization. 

21. The method of claim 19 wherein identifying the 
baseline point within a cardiac cycle is performed by iden 
tifying the time for delivery of a Ventricular pacing pulse. 

22. The method of claim 21 wherein detecting a signal 
representative of the impedance is performed by: 

delivering the Ventricular pacing pulse using the Ventricu 
lar electrodes, and 

Sensing ventricular impedance based upon the Ventricular 
pacing pulse using the Ventricular electrodes. 

23. The method of claim 1 further comprising delivering 
therapy in response to heart failure. 

24. The method of claim 23 further comprising adjusting 
the therapy in response to changes, if any, in a Severity of the 
heart failure. 

25. The method of claim 23 wherein delivering therapy 
comprises: 

delivering cardiac resynchronization therapy (CRT) to the 
heart of the patient. 

26. The method of claim 23 wherein an implantable drug 
pump is provided and wherein delivering therapy comprises 
delivering drug therapy to the patient using the drug pump. 

27. The method of claim 1 further comprising storing 
diagnostic information indicative of heart failure. 

28. A System for evaluating heart failure within a patient 
using an implantable medical device, comprising: 
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a ventricular end-diastolic volume (EDV) detection unit; 32. A System for detecting the progression of heart failure 
and within a patient using an implantable medical device, com 

prising: a ventricular EDV-based heart failure evaluation unit 
operative to detect the progression of heart failure 
within the patient based on changes in ventricular EDV. 

29. The system of claim 28 and further comprising: 
a heart failure therapy controller that is responsive to 

detection of a progression of heart failure by the heart 
failure evaluation unit to adjust one or more operating 
parameterS. 

30. The system of claim 28 and further comprising: 
an implantable drug pump in communication with the 

heart failure evaluation unit and responsive to detection 
of a progression of heart failure by the heart failure 
evaluation unit to administer a drug. 

31. The system of claim 28 and further comprising: 
an implantable heart failure warning device in communi 

cation with the heart failure evaluation unit and respon 
Sive to detection of a progression of heart failure by the 
heart failure evaluation unit to generate a warning. 

means for determining ventricular end-diastolic Volume 
(EDV) values; and 

means for tracking the progression of heart failure, if any, 
within the patient based on the values representative of 
ventricular EDV. 

33. The system of claim 32 and further comprising: 
means for controlling delivery of therapy based on pro 

gression of heart failure. 
34. The system of claim 32 and further comprising: 
means for administering a drug based on progression of 

heart failure. 
35. The system of claim 32 and further comprising: 
means for generating a warning based on progression of 

heart failure. 


